The deleterious effects of alcohol use disorders (AUDs) on human health have been documented worldwide. The enormous socioeconomic burden coupled with lack of efficacious pharmacotherapies underlies the need for improved treatment strategies. At present, there is a growing body of preclinical evidence that demonstrates the potential of avermectins [ivermectin (IVM), selamectin (SEL), abamectin (ABM), and moxidectin (MOX)] in treatment of AUDs. Avermectins are derived by fermentation of soil micro-organism, Streptomyces avermitilis, and have been extensively used for treatment of parasitic infections. From the mechanistic standpoint, avermectins are positive modulators of purinergic P2X4 receptors (P2X4Rs). P2X4Rs belong to P2X superfamily of cation-permeable ion channels gated by adenosine 5′-triphosphate (ATP). Building evidence has implicated a role for P2X4Rs in regulation of ethanol intake and that ethanol can inhibit ATP-gated currents in P2X4Rs. Investigations using recombinant cell models and animal models of alcohol drinking have reported that IVM, ABM, and MOX, but not SEL, were able to antagonize the inhibitory effects of ethanol on P2X4Rs in vitro and reduce ethanol intake in vivo. Furthermore, IVM was shown to reduce ethanol consumption via P2X4R potentiation in vivo, supporting the involvement of P2X4Rs in IVM's antialcohol effects and that P2X4Rs can be used as a platform for developing novel anti-alcohol compounds. Taken together, these findings support the utility of avermectins as a novel class of drug candidates for treatment of AUDs.
Prevalence of alcohol use disorders in the USA Alcohol use disorders (AUDs) are one of the leading causes of mortality and morbidity in the USA and worldwide, contributing to 3.8% of global deaths and 4.6% of disability-adjusted life years (DALYs) (Rehm et al. 2009 ). Alcoholism is also one of the leading risk factors for diseases including cancer, diabetes, and cardiovascular disorders (Costanzo et al. 2010; Rehm et al. 2003; Smyth et al. 2015) and is found to be co-morbid with severe mental disorders including bipolar disorder, major depressive disorder, and post traumatic stress disorder (Grant et al. 2015; Regier et al. 1990 ). In the USA, the prevalence of AUDs increased from 12.7% in 2001 -2002 (Grant et al. 2004 to 13.9% in 2012-2013 , which equates to roughly 32 million individuals (Grant et al. 2015) . During the 2006-2010 periods in the USA, the average annual alcohol attributable death (AAD) rate in the USA was 27.9 deaths per 100,000 and comprised nearly 9.8% of total deaths (Stahre et al. 2014 ). On account of significant contribution to deaths and premature mortality among the working age population, AUDs remain to be a massive economic burden. Economic costs (i.e., expenditure arising from productivity losses, criminal justice system, motor vehicle accidents) associated with alcoholism in the USA increased from $223.5 billion in 2006 (Bouchery et al. 2011) to $249 billion in 2010 (Sacks et al. 2015) . Furthermore, alcoholism remains to be a pervasive problem among the young population as it is regarded as the highest risk factor for DALYs in the young population aged 20-24 years, affecting approximately 9.7% of individuals within this age group (Mokdad et al. 2016) . Moreover, binge drinking among youth population has attributed to deaths, self-inflicted injury, physical and sexual assault, memory loss, suicide attempts, and poor academic performance (White and Hingson 2013) . The detrimental effects of alcoholism on health across multiple age groups and the substantial economic losses linked to alcoholism emphasize the need to develop effective and useful treatment strategies to curb the disease. Psychosocial intervention alone has very little impact on controlling behavioral symptoms of AUDs, with relapse rated as high as 70% since patient resume to drinking within a year (Finney et al. 1996; Swift 1999) . However, the pharmacotherapy for treatment of AUDs has met with limited success over past several decades. At present, only three medications have been approved by FDA for AUDs which include disulfiram (Antabuse), naltrexone (Revia and Vivitrol), and acamprosate (Campral) (Castro and Baltieri 2004; Heilig and Egli 2006; Soyka and Lieb 2015; Soyka and Muller 2017) . Disulfiram inhibits alcohol dehydrogenase and causes build-up of acetaldehyde, leading to adverse events that induce aversion to alcohol. The efficacy of disulfiram for treatment of AUDs has been met with negative criticism on account of lack of significant effects in various meta-analysis studies (Berglund et al. 2003; Heilig and Egli 2006) . It is also widely accepted that efficacy of disulfiram is dependent upon the psychological attitude of patients and does not address the addiction problem (Hughes and Cook 1997) . On the other hand, naltrexone (nonselective opioid antagonist) and acamprosate [partial agonist at N-methyl-D-aspartate receptors (NMDARs)] have been reported to negate the positive reinforcing effects of alcoholism, thereby reducing the craving and dependence (Bouza et al. 2004; O'Malley et al. 1992; Volpicelli et al. 1992) . The utility of naltrexone as an effective anti-alcohol therapy has been somewhat controversial since naltrexone has been shown to reduce relapse rates as well as frequency and amount of drinking; but it does not significantly prolong abstinence, thus casting aspersions on its long-term benefits in the real world (Anton et al. 2001; Krystal et al. 2001; O'Malley et al. 1996) . In addition, naltrexone is associated with severe adverse events including hepatotoxicity, asthenia, and nausea, thus leading to high attrition rates in clinical trials (Croop et al. 1997) . Acamprosate has been documented to exhibit significant effects on relapse rates and frequency of drinking in European trials, but its lack of efficacy in two double-blind studies in the USA raises skepticism about its potential as an anti-alcohol medication (Johnson 2008) . While acamprosate does have fewer serious adverse effects in comparison to naltrexone (Bouza et al. 2004) , the complex dosing regimen of acamprosate (two 330 mg tablets, thrice a day) raises compliance issues with this drug (Heilig and Egli 2006) . It is also hypothesized that acamprosate may preferentially induce abstinence in patients who have suffered from long-term intoxication of ethanol and multiple withdrawal episodes (Heinz et al. 2003; Ulrichsen et al. 1998) . The compliance issues, serious adverse events, and methodological limitations with several of clinical studies associated with current drug therapy reinforce the need to discover and develop novel pharmacotherapies for effectively targeting the core phenomena of alcohol abuse and dependence.
Avermectins as a novel class of therapeutic agents for AUDs
The avermectins are group of semi-synthetic macrocyclic lactones derived from the soil micro-organism, Streptomyces avermitilis (Burg et al. 1979) . They have been widely popular for their broad-spectrum efficacy against worms and ectoparasites in agricultural animals (Egerton et al. 1979; Ottesen and Campbell 1994) . Avermectins exhibit their anti-parasitic activity via activation of glutamate-gated Cl − channels in invertebrate nervous system (Wolstenholme and Rogers 2005) .
There is a now a growing body of literature that describes the ability of avermectins in modulation of ionotropic receptors in the central nervous system (CNS) that are typically involved in the cellular and behavioral effects of ethanol and could potentially represent a new class of anti-alcohol agents.
In this review, we will shed light on in vitro and in vivo evidence of four such avermectins namely ivermectin (IVM), abamectin (ABM), selamectin (SEL) and moxidectin (MOX) that underlies their potential as novel anti-alcohol therapies.
Discovery and development of IVM
IVM, a semi-synthetic dihydro lactone derivative [22,23-dihydroavermectin B 1a (80%) and B 1b (20%)], was the first commercially available macrocyclic lactone antihelmintic used in the world of veterinary and human medicine (Crump and Omura 2011; Geary 2005; Omura 2008; Ottesen and Campbell 1994) . IVM was discovered at the Kitasho Institute, Japan, in collaboration with the US based MerckSharp-Dohme parasitology team in the mid-1970s (Crump and Otoguro 2005; Omura and Crump 2004) . Initially, IVM was introduced to the world of veterinary medicine in 1981 on basis of its superiority over existing antihelmintics such as benzimidazoles, levamisole, and pyrantel and its broad potency against a wide spectrum of nematodes and ectoparasites including roundworms, ticks, fleas, and flies (Burg et al. 1979; Campbell et al. 1983; Egerton et al. 1979) . IVM was truly considered a revolutionary drug at that point of time due to its unique pharmacological profile, that is, it inhibited glutamate Cl − channels in parasites or nematodes, leading to paralysis of pharyngeal and body wall muscles, as a result of which the parasites would die of starvation (Arena et al. 1991 (Arena et al. , 1992 (Arena et al. , 1995 Cully et al. 1994; Geary et al. 1993) . In addition to its pharmacological profile, IVM possessed high lipophilicity; as a result of which, it could be made available in wide variety of formulations including injectables, oral formulations, and tropical formulations for treatment of livestock diseases (Geary 2005) . IVM was not used for treatment of human diseases until 1985, in the aftermath of a global effort initiated by the United Nations to treat tropical diseases that were a major public health concern in various endemic areas of Africa including onchocerciasis, a deadly infection caused by the filarial nematode, Onchocerca volvulus (Crump and Omura 2011) . As a single annual dose of 150 μg/kg for onchocerciasis, IVM was effective in removing microfilariae from the skin lymphatics and inhibited the ability of female worms to generate more microfilariae, leading to extreme low levels of microfilaria for 12 months (Bennett et al. 1988; Remme et al. 1990; Taylor and Greene 1989) . Notably, IVM did not cause any severe hypersensitive reactions or ocular damage that is generally associated with other existing therapies such as diethylcarbamazine and suramin (Dadzie et al. 1987; Taylor et al. 1986 ). In addition to onchocerciasis, IVM was also effective in treatment of other debilitating tropical diseases of socioeconomic importance including lymphatic filariasis (Kumaraswami et al. 1988) , strongyloidiasis (Freedman et al. 1989; Richard-Lenoble et al. 2003) , and pediculosis (Dunne et al. 1991) . Overall, a unique mechanism of action and excellent patient compliance made IVM a breakthrough drug in saving millions of lives in African countries where severe tropical diseases were an epidemic.
Pharmacological action of IVM on ion channels
Ligand-gated ion channels (LGICs) belonging to Cys-loop superfamily IVM has been demonstrated to be a positive allosteric modulator (PAM) of various ionotropic receptors that belong to the Cys-loop superfamily including the γ-amino-butyric acid receptors (GABA A Rs) (Dawson et al. 2000; Krusek and Zemkova 1994; Schaeffer and Haines 1989; Sigel and Baur 1987) , glycine receptors (GlyRs) (Graham et al. 1982; Shan et al. 2001) , and nicotinic acetylcholine receptors (nAChRs) (Collins and Millar 2010; Krause et al. 1998) since IVM was shown to potentiate activity of these receptors in presence of the natural ligand and not independently.
Previous reports have shown that IVM can potentiate GABA A Rs-mediated Cl − currents as well as can reduce the desensitization of GABA-mediated currents in recombinant cell models (Dawson et al. 2000; Sigel and Baur 1987) , cultured rat brain cortical neurons (Dawson et al. 2000) , and mouse hippocampal embryonic neurons (Krusek and Zemkova 1994 ). IVM's binding affinity for GABA A Rs seemed to be dependent upon the stoichiometry of the receptor since IVM's ability to potentiate GABA A Rs was determined by the β, but not α or γ subunit composition in Xenopus oocytes (Dawson et al. 2000) . At the behavioral level, IVM was shown to block anxiogenic effects induced by GABAergic antagonist, picrotoxin, in various animal models that measure anxiety, including elevated plus maze, open field, and conflict behavior test, which is a typical characteristic of GABA A R PAMs such as benzodiazepines (Spinosa et al. 2002) . IVM has been reported to be an unconventional modulator of GlyRs. Low concentrations of IVM (0.03 μM) exhibited strong potentiation of Cl − currents in presence of subsaturating concentrations of glycine (25 μM), but high IVM concentrations (> 0.1 μM) directly activated glycine-gated currents (Shan et al. 2001) . These findings suggested a concentration-dependent activity by IVM where it acted as a PAM at lower concentrations, but at higher concentrations it could serve as a direct agonist. Interestingly, IVM was reported to inhibit glycine-mediated Cl − currents when tested in cultured cortical neurons (Dawson et al. 2000) , suggesting that IVM's action on GlyRs may be subunit dependent. IVM has also been reported to act as a PAM of α7 nAChRs (Krause et al. 1998) . IVM significantly increased AChmediated Ca 2+ currents of nAChRs in Xenopus oocytes as well as in HEK293 cells that naturally express human form of nAChRs by causing a significant increase in affinity of ACh for the receptors. This observed enhancement of Ca 2+ currents was not accompanied by any changes in Cl − concentration in the cytoplasm, indicating that IVM directly potentiates nAChRs-mediated currents independent of Cl − concentration (Krause et al. 1998 ). Site-directed mutagenesis studies have shown that certain amino acids in the four transmembrane (TM) domains (Ser222 in TM1, Met253 in TM2, and Ser276 in TM3) of α7 nAChRs may play an important role in determining the modulatory effects of IVM on the receptors (Collins and Millar 2010) .
LGICs belonging to purinergic P2X superfamily
The P2X superfamily of LGICs represent a group of cationpermeable channels gated by adenosine 5′-triphosphate (ATP) (Khakh 2001; Khakh and North 2012; North 2002) . At present, seven subunits of P2X receptors (P2XRs) (P2X1-P2X7) have been identified. The P2X4 receptors (P2X4Rs) are capable of forming either homotrimers or hetrotrimers with other P2XRs including P2X1 (Nicke et al. 2005) , P2X6 (Lê et al. 1998a) , and P2X7 (Guo et al. 2007 ). The expression of P2X4Rs in the CNS is ubiquitous since they are expressed on pre-, post-, and extra synaptic membranes on neuronal cells as well as various types of glial cells including astrocytes and microglia (Buell et al. 1996; Soto et al. 1996; Toulme et al. 2010; Toulme and Khakh 2012) . P2X4Rs are postsynaptically expressed on CA1/CA3 pyramidal cells in the hippocampus (Lê et al. 1998b; Rubio and Soto 2001) , the medium spiny neurons (MSNs) in the basal ganglia circuitry (striatum and ventral midbrain) (Amadio et al. 2007; Heine et al. 2007) , and the Purkinje cells of the cerebellar cortex (Le et al. 1998b; Rubio and Soto 2001) . P2X4Rs are also expressed on GABA-releasing presynaptic terminals in the ventral tegmental area (VTA) (Xiao et al. 2008) , the dopaminergic (DA) neurons of the striatum and ventral mesencephalon (Amadio et al. 2007 ), GABAergic neurons of arcuate nucleus (Arc) (Xu et al. 2016) , and ventromedial nuclei (VMN) of the hypothalamus (Jo et al. 2011 ). P2X4Rs exhibit a high Ca 2+ permeability in comparison to other P2XRs (Khakh and North 2012) , thus giving it a crucial role in regulation of various physiological processes in the CNS. At the physiological level, P2X4Rs have been shown to modulate postsynaptic currents mediated by glutamate α-amino-3-hydroxy-5-methylisoxazolepropionic acid receptors (AMPARs) and NMDARs in the CA1/CA3 region of hippocampus (Baxter et al. 2011; Sim et al. 2006 ) and GABA A Rs in various nuclei within the hypothalamus (such as Arc and VMN) (Jo et al. 2011; Xu et al. 2016 ) as well as modulate presynaptic neurotransmitter release (such as glutamate, GABA) in various brain regions and in the spinal cord (Gu and MacDermott 1997; Jo and Schlichter 1999; Li et al. 1998 ).
Electrophysiological studies using recombinant cell systems investigating the effect of IVM on P2X4Rs found that IVM potentiated P2X4Rs-mediated currents in the presence of ATP, indicating that IVM is a PAM of P2X4Rs (Khakh et al. 1999; Priel and Silberberg 2004) . The interaction of IVM with P2X4Rs was considered a complex one since; IVM exhibited two distinct effects on P2X4Rs function at different concentrations (Priel and Silberberg 2004) . At low concentrations (0.3 μM), IVM increased the number of channel openings without any effect on single-channel conductance or the duration of channel opening. However, at higher concentrations (> 1 μM), IVM increased maximal current enhanced by saturating concentrations of ATP as well as reduced current deactivation state. A plausible explanation for this phenomenon is that higher concentrations of IVM interact with additional sites on P2X4Rs which causes a reduction in deactivation state as well as increase the duration and probability of channel opening (Priel and Silberberg 2004) .
Experiments using electrophysiological and membrane partitioning tools have shown IVM to partition into membrane, where the lactone ring interacts with both the TM1 and TM2 domains at the protein-lipid interface (Silberberg et al. 2007 ). It was proposed that the crevice formed at the interface between the two TM segments is hydrophobic in nature since mutations of moderately sized hydrophobic amino acids to tryptophan actually perturbed IVM's affinity for the receptor (Silberberg et al. 2007 ). Site-directed mutagenesis studies using alanine substitutions have shown that multiple amino acids in the extracellular domain (Trp50, Thr57, Ser69, Val60, Val61) and in TM2 domain (Asn338, Ser341, Gly342, Leu346, Gly347, Ala349, Ile356) are important in determining the binding interaction of IVM with P2X4Rs (Jelinkova et al. 2006 (Jelinkova et al. , 2008 . Additionally, molecular modeling and mutagenesis experiments from our laboratory have shown that certain amino acids at interface of ectodomain and TM2 segment (Trp46, Trp50, Asp331, Met336) are involved in determining the selectivity of IVM to P2X4Rs .
In addition to P2X4Rs, recent reports suggested that IVM can also modulate the activity of P2X7 receptors (P2X7Rs). Using a recombinant expression system in HEK293, that IVM was able to modulate activity of human but not murine P2X7Rs (Norenberg et al. 2012 ). On the other hand, findings by two other groups suggested that IVM is able to modulate P2X7Rs in murine BV2 microglial cells which endogenously express P2X7Rs along with P2X4Rs Raouf et al. 2007 ). These findings suggested that the disparities are due to the differences in the used cellular systems. In addition, based on the fact that BV2 cells endogenously express both P2XR subtypes, P2X4Rs and P2X7Rs, these findings may also suggest a potential physical interaction between the two receptors (Perez-Flores et al. 2015) , which can affect responses to IVM.
Interaction between P2X4Rs and ethanol
Building evidence from various in vitro and in vivo investigations have suggested a role for P2X4Rs in modulation of ethanol-dependent behavioral and cellular effects across a wide spectrum of cellular and animal models which will be discussed in detail in the following sections.
Ethanol inhibition of P2X4Rs in recombinant and mammalian expression systems
Among all the P2XRs, P2X4Rs are the most ethanol-sensitive receptors. Ethanol inhibits ATP-activated currents in P2X4Rs in a concentration-dependent manner (10-200 mM) in Xenopus oocyte systems Davies et al. 2002; Popova et al. 2010) . It was shown that similar results were also obtained in mammalian cell expression systems (e.g., HEK293 cells) and cultured neurons (Ostrovskaya et al. 2011) . Chimeric methods such as site-directed mutagenesis studies from our laboratory have shown that certain amino acid residues on the ectodomain-TM2 interface including Asp331 and Met336 play an important role in mediating interaction of ethanol with P2X4Rs . Notably, these same amino acids also play a role in regulating the interaction of IVM with P2X4Rs .
Patch clamp electrophysiological investigations in HEK293 cells have provided us with some important mechanistic insights into interaction of ethanol with P2X4Rs. First, ethanol was found to block P2X4Rs in the open state without any alterations in kinetics (i.e., stabilization of desensitization state or ion permeability ratio). Second, the interaction of ethanol with P2X4Rs was much faster than ATP, in the sense that, reduction in the degree of ethanol inhibition was observed upon termination of both ATP and ethanol solution, suggesting that ethanol molecules get dissociated from P2X4Rs much before the unbinding of ATP occurs. In addition, the ability of ethanol to inhibit P2X4R function was independent of ATP concentration, indicating that ethanol may induce conformational changes in the structure of P2X4Rs, thus reducing the binding affinity of ATP. Moreover, in coherence with our findings from Xenopus oocyte experiments, alanine substitutions at Met336 and Asp331 significantly attenuated the antagonistic effects of ethanol on P2X4Rs in HEK293 cells (Ostrovskaya et al. 2011 ).
Role of P2X4Rs in ethanol-dependent microglial functions
P2X4Rs have been reported to regulate ethanol-mediated responses in microglia (Gofman et al. 2014) . Ethanol-induced suppression of phagocytosis in the presence of chemokine attractant, CX3CL1, was diminished in presence of P2X4R blockade, which suggests that ethanol-mediated phagocytosis is P2X4R dependent (Gofman et al. 2014 ). P2X4Rs have also been shown to alter ethanol's action on signaling cascades such as mitogen-activated protein kinase/ extracellular regulated kinase (MAPK/ERK) and phosphatidylinositol 3-kinase (PI3K)-Akt pathways in microglial cells, which adds further evidence to the role of P2X4Rs in ethanol-related microglial functions (Gofman et al. 2016 ).
Role of P2X4Rs in regulation of ethanol intake in animal models of alcohol drinking Multiple in vivo investigations have established a link between P2X4Rs and ethanol consumption. For instance, a genomic study by Tabakoff et al. reported reduced p2rx4 mRNA expression in the whole brain of 28 recombinant mouse inbred strains that display a high preference for ethanol (Tabakoff et al. 2009 ). Similarly, in another study, reduced P2X4R expression was reported in five brain regions of inbred alcoholpreferring rats (iP) in comparison to inbred alcohol-nonpreferring rats (iNP). The aforementioned studies suggest that reduced P2X4R expression can be a predisposing factor for high ethanol consumption (Kimpel et al. 2007 ). In agreement with this notion, we reported that P2X4R KO mice exhibited higher ethanol intake in comparison to their wildtype (WT) littermates without any changes in ethanol preference or water intake using a 24-h access two-bottle choice paradigm (Wyatt et al. 2014) , which is considered to mimic social drinking (Yoneyama et al. 2008 ). In addition to our social drinking models, P2X4R KO mice also exhibited significantly higher ethanol intake using drinking in dark (DID) procedure, which is a paradigm for binge drinking (Wyatt et al. 2014) . To further strengthen our hypothesis that P2X4Rs play an important role in ethanol intake, shRNA-mediated knockdown of P2X4Rs in the nucleus accumbens (NAc) core significantly increased ethanol intake without causing any changes in ethanol preference or total fluid intake. This is the first study that puts forth a direct link between reduced P2X4R expression and increased ethanol intake (Khoja et al. 2018 ). In contrast, there are other investigations that have reported an increased expression of p2rx4 gene in high-alcohol drinking rats (HAD-2) in relation to low-alcohol drinking rats (LAD-2) (McBride et al. 2012 ). In addition, increased p2rx4 gene expression was observed in the periaqueductal gray area (PAG) of the midbrain, a site involved in processing fear and anxiety, (McClintick et al. 2016 ) in adolescent male alcohol-preferring (P) rats. In further support of this theory, lentivirus-mediated knockdown of P2X4Rs in the VTA significantly reduced ethanol intake in female HAD-2 rats (Franklin et al. 2015) . These findings suggest that the relationship between P2X4R function and ethanol drinking behavior may be sex, species, and brain region dependent. Nevertheless, the overall theme that emerges from these investigations is that P2X4Rs have an important contribution to ethanol intake and manipulating P2X4R function via pharmacological agents can have a potential in treatment of alcohol addiction and abuse.
Preclinical investigation of IVM as novel therapy for AUDs

IVM antagonized ethanol-induced inhibition of P2X4Rs in vitro
The significant overlapping of binding sites of ethanol and IVM at the interface of ectodomain-TM2 segment led us to propose the hypothesis that IVM could possibly interfere with ethanol's action on P2X4Rs. In support of our hypothesis, using two-electrode voltage methodology in Xenopus oocytes, we demonstrated that IVM (0.5 μM) significantly attenuated the inhibitory effects of ethanol at multiple concentrations (25 to 100 mM), without inducing any changes in surface expression of P2X4Rs on the oocytes ). Higher concentrations of IVM were able to antagonize high concentrations of ethanol (200 mM). Taking into consideration that 25 mM concentration of ethanol is 1.5 times the blood ethanol concentration (0.08%), which is regarded as legally intoxicating in the USA, these findings suggest that IVM does have the potential to negate ethanol-induced behavioral effects in humans. The precise mechanism by which IVM antagonizes ethanol's effects on P2X4Rs is not clearly understood. Since IVM potentiates ATP currents independently, it was initially thought that IVM's action on ethanol effects resulted from the synergy between IVM potentiation and ethanol inhibition. However, the data did not fit the additive model. Moreover, the absence of a parallel shift suggests that interaction of IVM with ethanol on P2X4Rs is not simply a representation of competitive antagonism . The involvement of same amino acids (Asp331 and Met336) in mediating the binding interaction of IVM and ethanol with P2X4Rs led us to hypothesize that IVM competes with ethanol in the same binding pocket on P2X4Rs. In support of this hypothesis, substituting Met336 in the TM2 domain with bulky positively or negatively charged amino acids negated the effects of both IVM and ethanol on P2X4Rs, indicating that a charge at this site can disrupt the initiation of binding of IVM and ethanol to the channel. Additionally, size of the amino acid also plays a role in determining the binding affinity of IVM to P2X4Rs, since substitution of Met with small non polar residues increased IVM affinity to the receptor, but also decreased ethanol sensitivity .
To investigate the interaction between Met336 and other amino acids within the TM segments, a homology model of rat P2X4R was built upon 3.1 A o X-ray crystal structure of the zebrafish P2X4R (Kawate et al. 2009) . Using this homology model, we identified a common binding pocket for both IVM and ethanol which comprised of Asp331 and Met336 in the TM2 segment and Trp46 and Trp50 in the TM1 segment. Electrophysiological methods later confirmed that Trp46 and not Trp50 plays an important role in IVM and ethanol binding to the channel since mutation at this site with non-aromatic amino acids significantly altered sensitivity of both IVM (0.5 μM) and ethanol (> 100 mM) (Popova et al. 2013 ). Our molecular model of P2X4R also revealed Trp46 to be in between Trp42 and Trp50 and the pi-pi interaction between Trp42 and Trp46 seems to be critical for the interaction of both IVM and ethanol with P2X4Rs (Popova et al. 2013 ).
IVM reduces ethanol intake and preference in vivo
Collectively, findings from in vitro investigations suggest that IVM interferes with ethanol's action on P2X4Rs in vivo and this can subsequently lead to reduction in ethanol drinking behavior. In support of this hypothesis, acute administration of IVM (1.25-10 mg/kg) was demonstrated to significantly reduce ethanol intake as well as preference in male and female C57BL/6J mice across a wide variety of alcohol drinking paradigms that mimic social drinking, binge drinking, and alcohol-seeking behavior Wyatt et al. 2014; Yardley et al. 2012 Yardley et al. , 2014 Yardley et al. , 2015 . The anti-alcohol effects of IVM were significant at 9 h post administration, which correlates well with the T max (8-10 h) as well as plasma halflife (8-12 h) of IVM (Yardley et al. 2012) . Furthermore, the reduction in ethanol intake caused by lowest effective dose of IVM (2.5 mg/kg) correlated well with brain concentration of IVM, which was 0.28 ng x h/mg of tissue, indicating that the decrease in ethanol intake is a direct consequence of IVM's ability to penetrate into the brain and not due to some indirect effect of IVM. Changes in ethanol intake were not accompanied by significant changes in water intake or body weight or food intake suggesting that IVM does not have any deleterious impact on physiology of drinking or overall health of the mice. The reduction in ethanol preference in a 24-h access two-bottle choice paradigm (Yardley et al. 2012) as well as ethanol self-administration in the self-operant chamber technique (Kosten 2011; Yardley et al. 2012) indicates a role for IVM in negating the positive reinforcement effects of ethanol drinking as well as the motivation to seek ethanol. In further support of IVM's ability to diminish ethanol reinforcement, IVM was also found to reduce saccharin consumption in a 24-h access two-bottle choice paradigm, indicating that IVM can block the chemosensory properties of reward of stimuli (Yardley et al. 2012) . In addition to studies undertaken in C57BL/6J mice, IVM was also demonstrated to reduce ethanol intake, but not sucrose, in male and female HAD-1 and HAD-2 rats (Franklin et al. 2015) . Overall, these studies suggest a potential for IVM in negating alcohol consumption and reinforcement across a wide variety of animal models of alcohol drinking.
The aforementioned findings were, however, obtained from acute IVM administration. AUD is a chronic disease and, hence, requires long-term treatment to control the behavioral manifestations without causing any adverse events. Thus, the effects of repeated dosage of IVM on ethanol drinking behavior were also investigated in mice. A 7-day treatment of IVM (2.5 mg/kg) via intraperitoneal (i.p.) route induced significant reduction in ethanol intake and preference in a 24-h access two-bottle choice paradigm without any overt signs of toxicity in female C57BL/6J mice (Yardley et al. 2012 ). Additionally, 10-day treatment of IVM (3 mg/kg) via i.p. route also caused a significant decrease in ethanol intake as well as preference in female C57BL/6J mice, without any significant changes in fluid intake or body weight . The selection of this dose is based on its correspondence to a dose shown to be safe in humans. Pharmacokinetic analysis revealed IVM to have a C max of 0.73 ng/mg in the brain at 32 h post 10-day injection, which correlates well with the anti-alcohol effects of IVM.
The effectiveness of IVM in attenuating multiple forms of ethanol drinking behavior via the i.p. route has been well documented. However, to further reinforce the argument of IVM being repositioned as novel therapeutic agent for AUDs, it would have to be delivered via a more sustainable, less stressful route to ensure patient compliance. In support of this notion, administration of IVM in the form of fast dissolving oral strips (0.21 mg) over a 30 day period also resulted in significant reduction of ethanol intake as well as preference, without any significant changes in total fluid intake, in a 24-h access two-bottle choice paradigm (Yardley et al. 2015) . These changes in ethanol drinking behavior were accompanied by no histopathological toxicities in the brain, liver, and kidney, indicating that IVM does not induce any toxicity via oral administration (Yardley et al. 2015) . Thus, oral administration of IVM was found to be effective in decreasing alcohol consumption without inducing any serious adverse effects in mice or altering the morphology of organs, supporting its potential as a safe therapeutic agent that can be given on chronic basis for treatment of AUDs.
The argument of repurposing IVM as an anti-alcohol therapeutic agent is further supported by previous findings that have shown IVM to not elicit any adverse effects across a wide spectrum of behavioral paradigms that assess emotional, cognitive, and perceptual function (Bortolato et al. 2013) . IVM did exhibit anxiolytic properties in some of anxietyrelated paradigms such as elevated plus maze and marble burying, which are reminiscent of GABA A Rs potentiation (Bortolato et al. 2013 ). However, unlike GABA A R PAMs such as benzodiazepines, IVM does not elicit any rewarding effects independently (Bortolato et al. 2013) . Notably, single doses of IVM of 120 mg administered to humans in a clinical trial did not induce any adverse effects in humans and were well tolerated (Guzzo et al. 2002) . Overall, the anti-alcohol effects of IVM coupled with its safety profile suggested a new use for utility of IVM as a safe, well tolerated, and efficacious medication for treatment of AUDs.
In the context of mechanism of action, IVM-mediated reduction in ethanol intake is, in part, P2X4R dependent since the degree of reduction in ethanol consumption was significantly diminished in male P2X4R KO mice (Wyatt et al. 2014 ). This finding is considered critical since it added to the evidence that P2X4R potentiation induced by IVM would lead to changes in ethanol's action, leading to attenuation of ethanol-induced behavioral effects. However, the precise mechanism by which IVM-mediated P2X4R potentiation leads to reduction in ethanol intake remains elusive. To date, ethanol has been shown to inhibit presynaptic P2XRs at the GABA-releasing synaptic terminals in the VTA, inhibiting GABA release onto the DA neurons and subsequently increasing the firing of VTA DA neurons (Xiao et al. 2008) . This study identified an indirect role for P2X4Rs in modulation of DA neuronal activity in the VTA. In this context, based on our evidence in vitro, one could hypothesize that IVM antagonizes the inhibitory effects of ethanol on P2X4Rs, resulting in enhanced GABA release into presynapses and subsequent inhibition of DA neurons. Inhibition of DA system would eventually counteract the craving for ethanol. To support this hypothesis, future patch clamp electrophysiological studies on VTA DA neurons or DA neurons in other brain sites integral to mesolimbic circuitry (such as NAc or dorsal hippocampus) are necessary using IVM and specific P2X4R antagonists/ P2X4R KO mice, to delineate the exact role of P2X4Rs in regulation of DA neuronal activity in the reward circuitry and how its physiological function can be altered in presence of IVM and/or ethanol. To incorporate more evidence into interaction between IVM and DA system in the mesolimbic circuitry, IVM was reported to modulate signaling molecules integral to DA neurotransmission in the ventral striatum such as dopamine and cyclic-AMP-regulated phosphoprotein of 32 kDa (DARPP-32) via P2X4R potentiation as well as a similar trend with respect to cyclic-AMP response element-binding protein (CREB) phosphorylation in the same brain region . Considering that alterations in phosphorylation of DARPP-32 and CREB have been associated in regulation of ethanol-drinking behavior (Nuutinen et al. 2011; Pandey et al. 1999 Pandey et al. , 2004 , IVM may be attenuating ethanol drinking behavior via its effects on DA-dependent signaling cascades in regions integral to drug reward circuitry.
Preclinical evidence supporting IVM-related macrocyclic lactones as anti-alcohol therapeutic agents ABM ABM is structurally similar to IVM, except that ABM possesses a double bond at C22-C23 of the spiroketal unit and IVM is a product of chemical hydrogenation at C22-C23 of ABM (Fig. 1) . Expectedly, ABM (0.5-1 μM) significantly potentiated ATP-gated currents in P2X4Rs in Xenopus oocytes, to a similar degree as IVM. However, higher concentrations of ABM (≥ 3 μM) exhibited a greater potency than IVM in enhancement of P2X4Rs-mediated currents and, in fact, increased P2X4Rs activity even in the absence of ATP, indicating that ABM acts as a direct agonist at higher concentrations . In addition to P2X4Rs, ABM (0.5-3 μM) significantly potentiated GABA A Rs-mediated currents to a similar extent as IVM but was less potent than IVM at higher concentrations (10 μM) . Additionally, ABM antagonized the inhibitory properties of ethanol in a similar manner to IVM. 0.5 μM ABM significantly antagonized the inhibitory effects of ethanol (100 mM) on ATP-induced currents .
ABM (5 mg/kg i.p.) significantly reduced voluntary ethanol intake, as well as preference, but increased water intake . The decrease in ethanol consumption upon ABM treatment could be linked to reduced preference for ethanol, suggesting that ABM can block the positive reinforcing effects of ethanol. However, the extent of reduction of ABM was lesser compared to IVM, even though ABM achieved a higher concentration than IVM in the brain (40 vs 1.81 ng x h/ml) . Thus, the discrepancies in ethanol reduction between the two avermectins cannot be simply explained by differences in brain concentrations and activity at target receptors.
SEL
In contrast to ABM, SEL exhibits major structural differences with IVM (Fig. 1) . SEL possesses a cyclohexyl ring in place of isobutyl moiety that is present in IVM. SEL has one saccharide moiety instead of two which is the case for IVM. SEL possesses an unsaturated ketoxime group instead of allylic hydroxyl group that is found on IVM (Fig. 1) . The presence of one saccharide moiety reduces the affinity of P-glycoprotein (P-gp) for SEL, since saccharide moiety can determine the affinity of a compound for P-gp (Lespine et al. 2007) .
The structural differences with IVM may contribute to SEL's poor activity at P2X4Rs as well as its inability to attenuate the inhibitory effects of ethanol. 10μM SEL exhibited similar potency as 0.5 μM concentrations of IVM and ABM in terms of P2X4R potentiation. SEL was able to potentiate ATP-activated currents in P2X4Rs in a concentrationdependent manner up to 30 μM, but its magnitude of response was still much less in comparison to IVM and ABM . Additionally, SEL's action on GABA A Rs was much weaker than that of IVM and ABM at concentrations greater than 1 μM ). On account of its weak potentiation on P2X4Rs, SEL (10 μM) did not exhibit any antagonistic effect on ethanol-induced inhibition of P2X4Rs .
In correlation with in vitro evidence, SEL (5 mg/kg, i.p.) did not cause any reduction in ethanol intake or preference in a 24-h access two-bottle choice paradigm . The lack of any significant changes in ethanol intake upon SEL treatment is not due to inability to penetrate into the brain since SEL was able to attain higher concentrations than IVM in the brain ) but rather due to inability of SEL to antagonize the effects ethanol on either P2X4Rs or GABA A Rs. Thus, the structural changes in SEL such as absence of one more saccharide moiety and presence of ketoxime group may possibly underlie SEL's lack of efficacy in reducing ethanol consumption.
MOX
Recently, the Davies group has begun a new effort on the development of MOX for treatment of AUDs. Part of this effort is based on improved CNS safety profile MOX versus IVM and thus, more suitable pharmacotherapy for AUDs. First, MOX is weaker substrate for P-gp transporter than IVM and less dependence on P-gp for removal from the brain (Janko and Geyer 2013; Menez et al. 2012) . Second, in agreement with published studies, our investigation also showed that MOX has lower potency on GABA A Rs as compared to IVM (Huynh et al. 2017) . Together, these results suggest that the use of MOX as a long-term treatment for AUDs will less likely lead to complications arising from toxic brain accumulation due to a deficiency in P-gp function and/or drug-drug interaction with other concurrent (P-gp substrate) medications and from excessive stimulation of GABA A Rs that can result in CNS depression and potentially coma.
Recent electrophysiological and behavioral evidence from our laboratory have supported MOX as an effective antialcohol agent. Similar to IVM and ABM, MOX at multiple concentrations (0.5 and 1 μM) significantly potentiated P2X4R-mediated currents in Xenopus oocytes (Huynh et al. 2017) . Furthermore, MOX (0.5 μM) significantly attenuated the inhibitory effects of 25 mM, but not 50 mM, ethanol on P2X4Rs (Huynh et al. 2017 ), providing us with first piece of evidence regarding the anti-alcohol potential of MOX. Notably, the same concentration of IVM was able to attenuate the antagonistic properties of higher concentrations of ethanol (> 50 mM) .
In coherence with our in vitro findings, MOX significantly reduced ethanol intake in both male and female C57BL/6J mice across wide spectrum of alcohol drinking paradigms (Huynh et al. 2017) . Dose-response studies revealed MOX to exert greater efficacy than IVM on ethanol consumption. In a time course study, MOX elicited significant reduction in ethanol intake after 4 h, which is much faster than that of IVM (Huynh et al. 2017) . To date, MOX-mediated reduction in ethanol consumption has not been assessed in P2X4R KO mice, which would be a crucial study since MOX is a PAM on several other LGICs in the CNS including GABA A Rs, GlyRs, and nAChRs (Menez et al. 2012; Wolstenholme and Rogers 2005) , all of which can contribute to MOX-mediated attenuation of ethanol drinking behavior. Furthermore, it would add evidence that P2X4Rs are the main targets through which avermectins can exhibit their anti-alcohol effects in vivo.
The structural differences between MOX and IVM ( Fig. 1 ) may underlie the discrimination in time course effect and degree in reduction of ethanol consumption between the two avermectins. MOX does not possess any saccharide moieties. There is presence of methoxime on MOX, but not on IVM. Lastly, MOX contains a dimethyl-butyl substituent at C25 position whereas IVM has an isopropyl group at that position. The presence of these substituents may add to the lipophilicity of MOX, which may partially contribute to faster penetration of MOX across blood-brain barrier (BBB).
MOX is currently under clinical development for onchocerciasis (as an alternative to IVM) with excellent safety signals and no adverse events reported to date (Cotreau et al. Korth-Bradley et al. 2012) . The significant attenuation on ethanol drinking behavior, coupled with superior physiochemical properties and lack of adverse events, support MOX as a safe, tolerable, and effective therapeutic agent for treatment of AUDs.
Overall summary and conclusion
The findings reported, herewith, demonstrate the potential of avermectins in treatment of alcohol addiction via positive modulation of P2X4Rs. IVM, ABM, and MOX, but not SEL, attenuated the inhibitory effects of ethanol on P2X4Rs as well as significantly decrease ethanol consumption across multiple alcohol drinking paradigms. The lack of potency of SEL in negating the behavioral effects of ethanol suggests that certain key moieties in the structure of avermectins play a crucial role in deciding the efficacy of these compounds. The correlation between our in vitro and in vivo investigations indicate that the effects of avermectins on ethanol-induced inhibition on P2X4Rs in vitro can be a good predictor of their ability to reduce ethanol intake in vivo. Considering that the avermectins are also positive modulators of GABA A Rs, GlyRs, and nAChRs (plausible targets for ethanol action), a plausible interaction between P2X4Rs and these ionotropic receptors may be associated with pharmacological effects of avermectins in vivo. Taken together, we identify P2X4Rs as a novel platform for development of novel pharmacological agents and on basis of that, avermectins represent as a new class of potential anti-alcohol agents. 
